Abstract: Neoproterozoic (c. 640 Ma) amphibolite facies metamorphism and deformation have been shown recently to have affected the Isbjørnhamna and Eimfjellet Complex of Wedel Jarlsberg Land in southwestern Spitsbergen. New SHRIMP zircon U−Pb and in situ electron microprobe monazite and uraninite U−Th−total Pb ages are presented here on a peg− matite occurring within the Isbjørnhamna metasedimentary rocks. Although the dated zir− cons are full of inclusions, have high−U contents and are metamict and hence have experi− enced notable Pb−loss, the new Cryogenian ages are consistent with the age of regional metamorphism of the host metasediments, providing additional evidence for a clear distinc− tion of the Southwestern Province from the other parts of the Svalbard Caledonides.
Svalbard's Eastern Province is composed of two "terranes" with different geo− logical histories. Late Grenvillian basement (c. 950 Ma) and Neoproterozoic to Ordovician cover of the Nordaustlandet Terrane (Gee et al. 1995) is in thrust con− tact with the Western Ny Friesland Terrane, comprising late Paleoproterozoic (c. 1.75 Ga) granites thrust−intercalated with Mesoproterozoic metasedimentary cover (Witt−Nilson et al. 1998) . Moreover, several granitoid bodies intruded the basement of the Nordaustlandet Terrane towards the end of the Caledonian Orogeny Johansson et al. 2002) .
The pre−Caledonian basement of the Northwestern Province (located west of the Breibogen−Bockfjorden fault zone and north of the Kongsfjorden fault) re− vealed both late Grenvillian granites and, locally, in the Richarddalen Complex, unique younger Neoproterozoic (c. 660 Ma; Peucat et al. 1989 ; Gromet and Gee 1998) felsic intrusions. These Richarddalen rocks were affected by Caledonian eclogite facies metamorphism (Pecaut et al. 1989; Gromet and Gee 1998) and are in fault contact with metasedimentary units and migmatites that did not experi− enced the HP/HT metamorphism. Post−orogenic Caledonian granites are also pres− ent in this province.
South of the Kongsfjorden fault, the Caledonian terranes of the Southwestern Province are located within the Cenozoic West Spitsbergen fold−and−thrust belt. In the area north from Isfjorden, exotic Ordovician (c. 470 Ma) blueschists and eclogites, referred to as the Vestgötabreen Complex (Horsfield 1972; Bernard− Griffiths et al. 1993) occur, thrust onto a Vendian tillite−bearing formation. South of Isfjorden, in Nordenskiöld Land, low grade metasedimentary rocks occur, including glaciomarine diamictites and underlying carbonates, phyllites and quartzites (Gosen and Piepjohn 2001) . Farther south (Fig. 2) , the bedrock of Wedel Jarlsberg Land is dominated by low grade Neoproterozoic diamictites of the Kapp Lyell Formation, inferred to be of glaciomarine origin (Bjørnerud 2010) , an interpretation that is not favoured by Birkenmajer (2003) , and underlying Sofiebogen (Dunderbukta) and Deilegga (Nordbukta) groups. These two groups are separated by an episode of de− formation (Torellian) and a major unconformity (Birkenmajer 1975; Bjørnerud 1990; Birkenmajer 1991) , the Deilegga having been tightly folded, uplifted and eroded prior to deposition of the basal conglomerates and overlying phyllites, quartzites and carbonates of the Sofiebogen Group. In eastern Wedel Jarlsberg Land, the Neoproterozoic successions are overlain by Cambro−Ordovician carbon− ate−bearing formations.
In southwesternmost Wedel Jarlsberg Land (Fig. 3) , a major NW−trending shear zone (Mazur et al. 2009 ) separates the Deilegga and Sofiebogen groups from higher grade quartzites, amphibolites and other meta−igneous rocks (gabbros, granites and dolerites) of the Eimfjellet Complex (previously group) and underlying amphibo− lite−facies schists and marbles of the Isbjørnhamna Group (Birkenmajer 1992; Czerny et al. 1993) . Both these units were thought to be Mesoproterozoic in age (Birkenmajer 1992; Czerny et al. 1993; Ohta 1994) , an interpretation that found sup− port in the dating of granites within the Eimfjellet Complex, yielding ages of 1.2 Ga Larionov et al. 2010) . K−Ar and Ar−Ar dating of micas and hornblende from the Isbjørnhamna and the Eimfjellet units yielded surprising Neoproterozoic ages in the time span of 616-575 Ma (Gayer et al. 1966; Manecki et al. 1998 ) that were interpreted (Manecki et al. 1998) to be an effect of lat− est Neoproterozoic reheating. Recent age determinations using the U−Th−total Pb method on monazites yielded Cryogenian (643±7 Ma) ages for the amphibolite fa− cies metamorphism of the Isbjørnhamna Group (Majka et al. 2008 ). Moreover, de− 4 Jarosław Majka et al. Fig. 2 . Geological map of Wedel Jarlsberg Land (modified from Czerny et al. 1993 and Dallman et al. 1990) . Fig. 3 . Geological map of the SW part of Wedel Jarlsberg Land (modified from Czerny et al. 1993) . Pegmatite locations are marked with stars.
trital zircon dating of the Isbjørnhamna meta−turbidites yielded Neoproterozoic (Tonian and Cryogenian) ages (Larionov et al. 2010) , demonstrating this group to be younger than previously thought. The pegmatite investigated in this study occurs in the Isbjørnhamna schists.
Geological position of the pegmatites Several pegmatites were found within the Isbjørnhamna Group (Czerny et al. 1993) during geological mapping of the area north of Hornsund and west of Hansbreen (Fig. 3) . They occur mostly on the Ariekammen ridge within the pelitic and psammitic schists of the Skoddefjellet Formation. Several are located in the highest grade, garnet−, staurolite−, kyanite−bearing metasediments in the core of the Skoddefjellet dome at the deepest exposed structural levels (e.g. on Birken− majerkammen, Skoddefjellet and Ariekammen, Fig. 3 ).
The pegmatites are up to a couple of meters thick and occur both concordantly within the dominating schistosity and discordantly, cutting the latter and the early isoclinal folds in the host rocks. Many veins are isoclinally folded and, in the limbs of these folds, they are often fragmented into lenticular bodies.
The dated pegmatite crops out on the northeastern slope of Skoddefjellet, above Tuvbreen, at an altitude of c. 560 m. It is c.1.5 m thick and can be followed along the mountainside for about 500 m (Fig. 4) , being cut by minor faults and, in places, dis− membered into isolated lenses. It cuts early isoclinal folds and is deformed by youn− ger folding related to the major refolding of the tectonostratigraphy.
Mineral composition of the Skoddefjellet pegmatite
The Skoddefjellet pegmatite has a core dominated by blocky quartz and a mar− gin dominated by sugary albite. The main minerals are medium grained quartz, fine to medium grained K−feldspar, fine−grained albite and laths of muscovite and biotite.
A rare earth element (REE) mineralization occurs in the blocky zone and also in the zone of sugary albite. Nests of allanite−(Ce) occur frequently, being usually al− tered to the REE−bearing epidote and clinozoisite. Synchysite−(Ce) occurs inside the allanite−(Ce) grains as an alteration product. Titanite was identified together with al− lanite−(Ce). It is chemically zoned with variable content of Nb and Ta. It is also fre− quently altered to the mixture of chlorite, Nb−and Ta−bearing rutile and calcite. Nb− and Ta−bearing ilmenite occurs sometimes together with rutile. Fluorapatite was found in accessory amounts, usually in association with allanite−(Ce). It contains in− clusions of xenotime−(Y), thorite and, occasionally, monazite−(Ce) and uraninite. Both, monazite−(Ce) and uraninite are primary phases, overgrown by fluorapatite. Monazite does not show any compositional zoning. Monazite forms grains up to 100 μm in width. Uraninite does not exceed several micrometers in diameter. Due to high luminescence of the latter, tracing of the zoning was impossible. Importantly, such monazite and uraninite were chosen for dating reported herein. tion between thorite and xenotime sometimes occurs. Xenotime−(Y) may be rimmed by fluorapatite and hingganite−(Y) coronas. These coronas were ob− served exclusively in the beryl−bearing samples (see also Majka et al. 2011) . Beryl forms grains up to 0.5 cm usually, intimately intergrown with K−feldspar and quartz. Y−bearing silicates were observed in beryl and spessartine−bearing samples. They usually form small zoned crystals, which fill the fissures in the spessartine grains. Keiviite−(Y), gadolinite−(Y) and hingganite−(Y) were identi− fied within the spessartine crystals. Zircon forms usually homogenous grains up to 500 μm in length disseminated in quartz and albite. It frequently occurs in aggregates of crystals usually over− grown by pyrochlore group minerals. Sometimes, zircon associates with thorite and xenotime−(Y). Zircon is highly metamict and commonly contains abundant fine inclusions of uraninite, thorite and xenotime−(Y).
The Nb−Ta minerals are typical accessory phases in the Skoddefjellet pegmatite (see also Pršek et al. 2010) . Minerals of the columbite and pyrochlore group were identified. They form small grains up to 1mm in diameter with a complicated zon− ing. Minerals of the columbite group are represented by Fe− and Mn−varieties. They are sometimes replaced by yttropyrochlore and fersmite. Except yttropyrochlore, minerals of the pyrochlore group are represented by uranpyrochlore, plumbo− pyrochlore, betafite, yttrobetafite and plumbobetafite. Sometimes, they are replaced by fersmite and Fe−hydroxides. Usually they contain inclusions of uraninite and thorite.
The analysed pegmatite is cut by various hydrothermal veins, usually contain− ing carbonates (calcite, Fe−dolomite) and sulphides (pyrite, chalcopyrite and ga− lena). Veins with allanite−(Ce), together with pyrite, rutile, ilmenite and Fe−dolo− mite have been also observed.
Dating methods
Zircon separation and analysis. -Crushed whole rock samples were sieved to a fine fraction and heavy minerals were separated using the heavy liquid, flourbromomethane. The heavy fraction was imaged using stereoscopic micro− scope and scanning electron microscope (SEM) for manual separation of zircon grains (c. 130 grains). From these, the best were hand−picked and mounted in ep− oxy resin together with chips of the TEMORA (Middledale Gabbroic Diorite, New South Wales, Australia, Black et al. 2003) and 91500 (Wiedenbeck et al. 1995) reference zircons. None of the grains exceeded c. 200 μm in length and c. 50 μm in width. The grains were sectioned approximately in half and polished. Reflected and transmitted light photomicrographs and cathodoluminescence (CL) SEM im− aging have been done for all zircons. The CL images were used to reveal the inter− nal structures of the grains and to target specific areas within these zircons. Monazite and uraninite dating. -The monazite and uraninite analyses were made in polished thin sections using the Cameca SX−100 electron microprobe (EMP) at the Electron Microanalysis Department of the Geological Survey of Slo− vak Republic in Bratislava. Both, monazite and uraninite can be dated using the non−istopic method, because they generally do not incorporate so−called common Pb into their structure; thus, the measured Pb must be radiogenic. The age calcula− tion is based on the formula of Montel et al. (1996) . The age has been calculated using the Microsoft Excel add−in program DAMON that reads the data and calcu− lates the model and weighted average ages (Konečný et al. 2004 ). We used a simi− lar dating protocol for both, monazite and uraninite.
The EMP analyses were performed using a 100 nA beam current and 15kV ac− celerating voltage. The beam diameter was focused in the range from 3 up to 5 μm. The background levels were determined using a linear fit. The counting time (peak and background) for Si, Al, Ca, P and As was 20 seconds, for REE 25 seconds, for Th and Y 35 seconds, for U 65 seconds and for Pb 150 seconds. The following standards were used for the analyzed elements: Si−wollastonite, Al−Al 2 O 3 , Ca−wollastonite, Pb−PbS, Th−ThO 2 , U−UO 2 , P−apatite, As−GaAs 2 , REE and Y -REE and Y phosphates. Si, Al, As were measured with the use of TAP crystal, Ca, Pb, U, Th, Y, P were measured with the use of LPET crystal whereas REE with the use of LLIF crystal. For determination of the Si, Al, Ca and P content, the Ka line was measured; for La, Ce, Gd, Tb, Tm, Yb, Y and As, the La line was measured; for Pr, Nd, Sm, Eu, Dy, Ho, Er and Lu the Lb line was measured; for Pb and Th, the Ma line was measured and for U, the Mb line was measured. PAP corrections were applied throughout. All errors are reported, depicted, and discussed in this paper at the 2s level (95% confidence limits). Two monazite grains and one uraninite grain were dated in this study.
Results of dating
17 U−Pb SIMS analyses were made on 13 zircons. All the obtained results are discordant to various degrees (Table 1) . A regression line (Fig. 5 ) trough all the 17 Neoproterozoic pegmatite from Skoddefjellet, Spitsbergen analyses has an upper intercept at 615±63 Ma and a lower one at 9±160 Ma (MSWD = 0.41). Excluding the three most discordant analyses results in a discordia line that intersects the concordia at 651±88 Ma (MSWD = 0.067) and 124±160 Ma. This result is regarded as more trustworthy, since it is based on the results from the least disturbed zircons. The observed Th/U ratios in range of 0.01-0.06, suggest low thorium mobility, caused by the pegmatite chemistry; al− ternatively Th may not have been available at the time of zircon growth due to prior consumption by other minerals (e.g. monazite in this case). The most likely explanation may be a combination of both these reasons, considering the range of variability of the Th concentrations of (15 to 490 ppm; average = 23). The elevated U concentrations of 1200-4000 ppm have negative correlation with the 206 Pb/ 238 U age, implying that the degree of metamictization is produced by U decay, probably causing substantial Pb−loss.
Considering the large uncertainty of the SHRIMP zircon age, additional analy− ses of monazite and uraninite have been made using U−Th−total Pb method. Two grains of monazites yielded ages of 662±19 Ma and 681±16 Ma, respectively, i.e. Table 1 Zircon dating results Errors are 1−sigma; Pbc and Pb* indicate the common and radiogenic portions, respectively Error in 91500 Standard calibration was 0.22% (average of 18 analyses) (1) common Pb corrected using measured 204Pb D% -discordance, % Grey rows -rejected analyses during second calculation of the age an inferred age of 675±25 Ma. Additionally, a uraninite single analysis yielded an age of 685±5.5 Ma (Table 2 ).
Discussion
The validity of the zircon age. -Zircons in pegmatites are often high in U, metamict due to radiation damage, and full of channels, promoting Pb loss. In case of the Skoddefjellet pegmatite in the Isbjørnhamna Group, the discordant points are inferred to result from Pb−loss, possibly triggered by post−650 Ma events. Al− though, the 2s error is ±88 Ma, the SHRIMP data clearly favour a Neoproterozoic age. The inferred ion microprobe zircon age is c. 20 Ma younger then that obtained by the dating of monazite and uraninite, presented here; however the large error of the zircon age and ±25 Ma error of the monazite age allow them to be interpreted as similar. It should be also pointed out that the monazite and uraninite dating results are based on a small amount of analytical points. Usually, tens of grains of monazite and uraninite should be dated to obtain an unquestionable age, using the chemical dating method. In the case of the Skoddefejellet pegmatite this was not possible, due to the very scarce occurrence of monazite and even scarcer occur− rence of uraninite. Taking these into account, the ages of monazite and uraninite should be rather considered as an indication of Cryogenian timing of their forma− tion, than absolute ages. Although the zircon age is associated with a large error, it should be considered as more reliable, since it is based on more numerous analyti− cal data. It must be also emphasized here that the Skoddefjellet pegmatite cuts the foliation of the host rocks, timing of which is well defined as 643±9 Ma (Majka et al. 2008) .
Pegmatite forming scenario. -The Isbjørnhamna metasedimentary rocks, which host the Skoddefjellet pegmatite, underwent Barrovian amphibolite facies metamorphism under conditions of up to c. 670°C and c. 11 kbar . Taking into account the age (c. 645 Ma) of this metamorphic event (Majka et al. 2008) and ages reported herein, the investigated pegmatite probably formed under similar or slightly lower P−T. This is also suggested by the pegmatite miner− alogy, which allows its classification as muscovite−rare element class, MSREL− REE subclass of pegmatites (Černy and Ercit 2005) . According to these authors, MSREL−REE pegmatites are formed under moderate to high amphibolite facies 12 Jarosław Majka et al. conditions and their relation to possible parental granites is usually poorly defined. Moreover, MSREL−REE pegmatites, including the one that has been analysed, usually can be ascribed to so−called NYF−type pegmatites. The bulk trace−ele− ments chemistry of the studied rock shows strong enrichment in Nb and Y and REEs (Fig. 6 ).
Regional implications. -K−Ar biotite ages of the Isbjørnhamna mica−schists reported by Gayer et al. (1966) and Ar−Ar dating results of muscovite and hornblende reported by Manecki et al. (1998) indicated a probable Neoproterozoic thermal episode. The recently reported age of 643±9 Ma by Majka et al. (2008) for metamorphic monazite from the same rocks led to the conclusion that this was the age of Barrovian metamorphism, providing the first evidence of Neoproterozoic regional metamorphism in the Svalbard's Caledonides. The geochronological data on the pegmatite reported here provide additional evidence for the age of this tectonothermal event. In this context, it is of interest that Larionov and Tebenkov (2004) 
Conclusions
The age, structural position and mineralogical and geochemical characteristics of the studied pegmatite allow the following conclusions:
• The zircon U−Pb 651±88 Ma age and monazite 675±25 Ma (aver.), and urani− nite 685±11 Ma U−Th−total Pb ages are in accord with the 643± 9Ma age of the Barrovian amphibolite facies metamorphic event reported for the Isbjørnhamna Group (Majka et al. 2008 ) and the overlying Eimfjellet Complex.
• The occurrence of minerals typical for MSREL−REE pegmatites and the chemi− cal composition typical for NYF−type pegmatites indicates that the studied rock was formed during the metamorphism, under amphibolite facies conditions.
• The evidence of a late Neoproterozoic tectonometamorphic event within Sval− bard's Sothwestern Province not only emphasizes the differences between this composite unit and the rest of the Svalbard Caledonides, but also indicates af− finities with the Timanides and the possibility of testing correlation with the Pearya Terrane.
